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ABSTRACT
This research investigated the relationships between molecular
size and the TOC, TTHM, acid strength and color concentrations present in raw and coagulated water from Lake Washington.
ate coagulants were utilized for investigation.
and Mg.

Three separ-

They were:

Al, Fe

Results indicated that the majority of the TOC, color and

TTH M precursors were in the colloidal size range and removed by co-.
agulation.

The remaining

TTH~1

precursors are mostly molecular and

re quire a process other than coagulation for removal from the potable water before environmental standards are met.
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I.

INTRODUCTION

Source of Color and Its Standards
Waters containing color resulting from their natural environment are found throughout most parts of the world.

Color is

caused by the presence of organic substances which are most frequently found in surface waters.

Color is occasionally .found in

shallow wells in limestone regions where solution topography prevails.
The USPHS Drinking Water Standards have set a maximum limit
for drinking water of 15 color units on a platinum-cobalt scale.
I

This limit has been imposed mainly for aesthetic reasons as the
materials responsible for color in water are not known to be physiologically harmful.

In practice, most municipal treatment plants

strive to maintain finished water with color values of 5 or less.
Color in the Electromagnetic Spectrum
Color is a qualitative parameter that does not lend itself
to exact engineering measurement within the visible region of the
spectrum.

Persons with normal color vision are able to correlate

the wavelengthoflight striking the eye with the subjective sensation of color.
wavelength.

Table I-1 shows the color perceived related to the

2

TABLE I-1
VISIBLE SPECTRUM AND
vJavelength, mu

COMPLE ~~ENTARY

Color

COLORS

Complementary Color

400 - 435

Violet

Yellow-green

435 - 480

Blue

Yellow

480 - 490

Green-blue

Orange

490 - 500

Blue-green

Red

500 - 560

Green

Purple

560 - 580

Yellow-green

Violet

580 - 595

Yellow

Blue

595 - 610

Orange

Green-blue

610 - 750

Red

Blue-green

SOURCE: Day, R.A., Jr. and A.L. Underwood, Quantitative
Analisis, Second Edition (Engl~wood Cliffs, NJ: Prentice-Hall,
1967 .
Objects are seen by either transmitted or reflected light.
When "white light" containing the entire spectrum of visible wavelengths passes through a medium such as a solution of a naturally
occurring organics, some of the light is absorbed and the medium
appears colored to the

obse~ver.

Since only the transmitted waves

reach the observer, these wavelengths determine the color of the
medium.

Chromophores, or color-producing compounds, absorb certain

wavelengths of the spectrum depending on the electronic structure
of the compound.

A change could occur in the electronic configur-

ation of a compound which could change it from a colorless to a

3

colored compound.

The oxidation of an alpha-quinone would pro-

duce a colorless degradation product, but the self-condensation
of the same alpha-quinone would produce a colored proijuct.
Very little evidence has been gathered on the amount of environmental degradation caused by color.

Properties of pollutants

such as available nutrients or oxygen demand have been shown to
degrade the environment.

However, the discharge of highly colored

effluent would definitely affect the aesthetic quality of the receiving waters.
Lignin
Lignin is one of the most abundant natural products on earth,
constituting about one-fourth of the woody tissue in plants.

It

is responsible for most of the color present in natural waters.
The natural formation of this cross-linked polymeric material from
coniferyl alcohol and related substances is not presently completely
understood.

Despite considerable research, the structural charac-

terization of lignin has been only partially successful.
Freudenberg (1966) gathered information about lignin structure
from direct oxidation of lignin, from bio-chemical experiments related to alcohols, and from lignin degradation with strong alkali,
methylation and oxidation.

His experiments enabled an estimation

of the relative amount of alcohols which served as building blocks
of lignin.

Lignification occurs in plant cells when alcohols are

liberated and oxidized by natural organic compounds in the presence

4

of air.

The free radicals,a quinonemethide, as shown in Figure I-1,

is made by combining radicals that resulted from lignol dehydrogenation.

From these experiments, he suggested that quinonemethide was

a tentative structural unit in lignin . . Since the quinonemethide has
no opportunity to become stabilized by hydrogen migration, it adds
on the external electrolytes, particularly hydroxyl compounds and
preferably water.

Quinonemethide is a chromophore, is yellow and

can be easily recognized by its intense color adsorption extending
into the beginning of the visible range.

Quinonemethide can achieve

limited stability through polymerization, creating large molecules
that can still interact with polar compounds.
It is possible to construct a tentative constitutional scheme
for spruce lignin, which probably is similar to other wood lignins.
Such a scheme is presented in Figure I-2.

The lignols which origi-

nate during lignin formation, together with the hydrolysis products,
reveal different ways in which the

c6c3

units are combined.

Through natural and industrial processes, the lignin is separated from wood fibers and produces chromophores in aqueous solutions.

Kirk, et. a]. (1969) prepared lignin by bacterial degrada-

tion of wood.

The lignin was fractionated by molecular gel into

three separate fractions, all of which would absorb light in the
visible spectrum.

Alder, et. al. (1966) degraded spruce lignin by

acid refluxing in an organic aqueous solution, and was able to
separate through fractionation several products that were color
producing compounds.
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H2COH

I
HC

II

HC

I

0'

H2 COH

"

f

f

0 Me

HC----0

I

HC

I

HC

II

0"
II

OMe

0

Fig. I-1.

Quinonemethide

SOURCE: Taylor, James S. "Color Removal from a Neutral
Sulfite t~aste Using ~~1agnesium Coagulation. 11 Ph.D. Dissertation,
Gainesville, Florida: University of Florida, 1976.
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Fig ~ I-2.

SOURCE:

Constitution scheme for lignin

Taylor, James S. "Color Removal from a Neutral
Sulfite ~Jaste Using r•1agnesium Coagulation." Ph.D. Dissertation,
Gainesville, Florida: University of Florida, 1976.
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Characteristics of Color
Many investigators have attributed the color present in water
to the natural or induced degradation products of organic matter.
Saville (1917) concluded through electrophoretic studies that most
organic en lor was nega ti vel y charged and existed in the co 11 oi dal size range.
Black and Christman (1963) found that color collected from ten different water samples had similar chemical and physical characteristics.

They demonstrated by dialysis that most of the color present

in the ten samples resulted from colloidal suspensions.

The infra-

red spectrum for each of the fulvic fractions, the equivalent
weights of those fractions, and the concentrations of the fulvic and
humic fractions in each colored sample were similar.

Black and

Christman (1963) demonstrated that color intensity was pH dependent
and would increase with increasing pH.

They also found by dialysis

that color existed as a colloid, because only 10% of the original
sample color pass a 0.45 micron filter.
Shapiro (1958) found that organic color was mainly dicarboxylic
hydroxy aliphatic organic acids of molecular weight 450.

He sug-

gested that if phenols were present they were non-color producing
organic compounds.

He also found that the salts of these acids

would pass a cellophane membrane, indicating that they were not cocolloidal.

Shapiro (1958) demonstrated, by chromatographic compari-

,

sons, that chemical patterns of color samples taken from different
lakes across the country were similar.

Any differences that existed

in these samples were due to inorganic constituents of the water.

8

Black (1960) suggested that separation techniques used by Shapiro
(1958) excluded a portion of the color bodies, and that the excluded
portion was in the colloidal size range.
Christman and Ghassemi (1966) isolated seven different phenolic
compounds common to wood and water humics.

Their organic analysis

on wood lignins identified carboxyl and phenol groups as the major
building units in color molecules.

They described these groups as

large aromatic molecules with hydroxyl, methoxy and carboxylic functional groups.

Christman and Ghassemi (1966) also found that color

extracted from soil would increase with time of soil contact and
temperature of the aqueous color medium.

Their research showed, as

had that of Black and Christman (1966), that color increased with
an increase in pH.

However, this increase was not linear over the

entire pH range.
Taylor and Zoltek (1974), using a Kraft effluent treated for
color removal by massive Ca(OH) 2 treatment, found that color increase
in the waste occurred when the waste was in contact with soil or
light.

The amount of color increase in the soil-contacted samples

was directly proportional to the organic content of the soil.
Packham (1964) separated color from seven different waters into
the same classes as did Black and Christman (1966).

He found, based

on filtration of the fractions, that the fulvic acid fraction existed
in the colloidal size range and that the humic acid was in the molecular size range.

Packham (1964) also revealed that both the fulvic

and humic fractions consisted of complex mixtures of many different

9

organic acids.

Gjessing and Lee (1967) fractionated the color pre-

sent in a natural water by gel filtration and found molecular size
distributions ranging from greater than 200,000 to as low as 700.
They found that the molecular size fraction size fraction that contained the largest concentration of organic carbon did not produce
the greatest color.
An Overview of the Analysis of Trace Organics in Water
Fundamentally, the analysis of trace organics in water is the
determination of the amount and type of carbon-containing molecules
in the aqueous environment. To achieve the goal, numerous methods have
been developed for the isolation, resolution, identification, and
quantification of the complex mixtures of organic compounds present
in water.

Although an amazing variety of organics has been identi-

fied in water, the compounds can be classified on the basis of volatility, molecular weight, and polarity.

The methodology for trace

organics analysis similarly can be categorized to yield a uniform
conceptual approach.
State of the Art
Trace organics analysis has made tremendous advances in recent
years but is still far from being able to detect all organics present in water.
concept.

Figure I-3 is a graphical representation of this

About 500 of the two million organic compounds known to

man have been identified in drinking water to date.

The minimum

detection limit of current analytical technology is about one

10

microgram (10- 6 g) per 1 iter.

By the time a sensitivity of one pi co-

-12
gram ( 10
g) per liter is reached, if the number of known organic

chemicals is five million, all of them will be detectable in drinking
water at least some of the time.

At this point, the tip of the solid

region will reach the ultimate point and will become part of the
solid region and all five million organics will be identified in
drinking water all of the time.

~
"'a.

~

~

100

01

~

80

~

0

50

c

Fig. I-3.

State of the art of trace organics analysis in water

SOURCE: Cotruvo, Joseph A. and Wu Chieh. ..Controlling
Organics." J. American Water ~Jorks Association 70 (November 1978):
59 6.

This concept is more believeable from a molecular viewpoint.
25
A liter of water contains approximately 10 molecules and a minimum
detection limit for organics of one picogram per liter corresponds
to about 10 9 molecules. Because such concentrations are quite a
small fraction of the whole content (10 9110

23

= 10- 16 ), the debate

is not whether such contamination exists, but its significance.
This is left for the toxicologists to resolve.
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At this point, it should be clear that only the tip of the iceberg has been uncovered with regard to organic contamination in water.

However, a considerable amount of information is available on

the character of many of the organic compounds in water, and it is
useful to employ that information to classify them.

The criteria

used for t1is categorization are volatility, molecular weight, and
polarity.

Volatility is the physical property of vaporizing or eva-

porating quickly and corresponds roughly with the boilding point of
the compound. Molecular weight is the number of grams in one mole or
6, 023 x 10 23 molecules of a substance. Polarity describes the degree
to which one part of a molecule is more positively or negatively
charged than the other.
Classification of Organics
Figure I-4 presents a classification of organics that have been
found or are known to exist in drinking water according to chemical
class.

The schematic is a generalization and there are many overlap-

ping areas, omissions, and exceptions to the classification shown.
There are also many variations possible within each chemical class,
e.g., substitution by a halogen.

Organometallics are not included

in the scope of this discussion.

Nonetheless, the trends shown are

valid and the diagram indicates that an impressive number of classes
of organic . compounds has been found in drinking water.

An example

compound from each region of the chart is shown in Figure I-5.

It

can be seen that the size and complexity of . organics increase with
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molecular weight until the compounds finally become mostly polymeric.
At the top of the chart, the more polar compounds process more oxygen-containing groups.
Isolation of Organics
The methods for isolating organics from water are listed in
Figure I-5 by the same classification parameters.

The most volatile,

polar (and water soluble) organics are generally not isolated at all,
but are directly subjected to a resolving technique, e.g., direct
aqueous injection gas chromatography.

Less polar volatile organics

are isolated by allowing them to partition into the gaseous phase
•

(headspace) above the water, or partition can be enhanced by using a
dynamic gas flow or by trapping the organics after they enter the
gas phase.

More polar organics, which are difficult to recover with

the dynamic headspace-adsorption technique, can sometimes be isolated
by applying a concentrating distillation step before headspace removal .
. Liquid-liquid extraction (LLE) techniques, in which the organics
are partitioned into an organic solvent brouqht into contact with ·
water sample, can be used on semi-volatile compounds.

LLE methods

are usually not applied to volatile compounds because extraction is
followed by boiling off the solvent for concentration.

However, the

LLE technique without the concentration step has recently became popular for the analysis of trihalomethanes.

For more polar organics

which are not readily amenable to LLE, a pH adjustment or derivatization often converts them to an extractable form.

14
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Isolation of Organic Compounds Found in

l~ater

For isolating organics from larger quantities of water, the
adsorption-elution method can be used.

In this technique organics

are trapped on an adsorbent resin or activated carbon and then desorbed by washing with an organic solvent.

Different resins cover-

ing a ranoe of polarities can be used to achieve the best recoveries
on various organics, just as a range of solvent polarities can be
used in LLE.

Adsorption-elution is more applicable to some higher

molecular weight organic compounds than LLE because their kinetics
of adsorption are faster than their partitioning equilibrium.
Highly specialized techniques are being developed for isolating
the organics of largest molecular weight.

The most polar heavy or-

ganics may be best suited to vacuum distillation and freeze-drying
techniques, which selectively remove water and leave the organic
residue behind.

Less polar, high molecular weight organics are
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isolated by reverse osmosis and ultrafiltration.

Reverse osmosis uses

a pressure-induced reverse gradient to concentrate organics and
other specific solutes on the low pressure side of a membrane.

Ul-

trafiltration is a similar process but concentrates solutes by molecular weight rather than chemical nature.
So~e

of the factors influencing ·the isolation of organics from

water are temperature, pressure, equilibrium time, ionic strength,
pH, and particulate adsorption.
The first five of these factors usually can be optimized and
standardized for a particular isolation technique to improve extraction efficiency.

However, different waters have widely varying par-

ticulate contents, and the organics may adsorp to particulates, especially those composed of or coated with organic matter.

Filtration

is clearly not the answer to this problem, and further research is
needed to define the conditions for uniform organics isolation independent of particulate concentration.
Resolution of Organics
After organics removal from water, the isolate generally con- ·
tains a complex mixture of organic compounds.

The most common tech-

nique used to resolve this mixture is chromatography, a process of
selectively separating the components of a mixture into distinct
constituents.

Since chromatography, a process of selectively separ-

ating the components of a mixture into distinct constituents.

Since

chromatography combines aspects of thermodynamics, kinetics, and
transport properties, it is a complex phenomenon.
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Chromatographic separation is usually accomplished by one of
four techniques:

adsorption chromatography, partition chromatography,

size exclusion chromatography, and ion exchange chromatography.

In

adsorption chromatography, the organic mixture is swept by a mobile
fluid phase across the stationary phase.

As the organic travels

across the stationary phase, each compound spends a characteristic
amount of time statically bound to the solid phase.

Therefore, the

compounds elute one at a time from the end of the· solid phase, with
the least-adsorbed organic coming off first.

Adsorption chromatogra-

phy is best suited to organic chemical compounds containing polar
groups, which promote selective adsorption.
Partition chromatography is similar, but the solid phase is
coated with a stationary liquid phase into which the organics dissolve rather than adsorp.

Therefore, partition chromatography is

applicable to both polar and non-polar organics.
Size exclusion chromatography (SEC) separates organics by molecular weight through permeation or filtration processes.

In the

permeation process the organics travel through a medium containing
many small pores.

The smaller compounds spend a larger percentage

of time lost in the pores, whereas the larger compounds spend little
or no time in the pores.

Therefore, the organics are selectively

eluted from the column, with those of highest molecular weight coming
off first.

In the filtration mode of SEC, the medium contains no

pores, and the elution order is reversed.

In both modes of SEC it

is important that adsorption effects be avoided because they degrade
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the size separations.
Ion exchange chromatography involves the interchange of ions
in the mixture to be resolved with ionic moieties (groups) on a synthetic organic resin.

Those compounds least favorably held by the

resin come off the column first.

Because ion exchange is an electro-

static attraction process, the organics suitable for this technique
must contain or be transformed to compounds containing ionic groups.
A schematic representation of the resolution techniques used
for the different classes of organic compounds found in water is shown
in Figure I-6.
as the mobile

Partition and adsorption chromatography using gas
fl~id

phase are the most common techniques for volatile

and semi-volatile organics.

Liquid mobile phases are also used for

some of the semi-volatile organics in planar (thin layer or radial
chromatography) and column (LC) chromatography.

For the polar or-

ganics of highest molecular weight, ion exchange chromatography and
liquid-solid adsorption chromatography with planar or column configurations are often applicable.

The large semipolar organic compounds

can be subjected to size exclusion chromatography for resolution,
whereas this technique is unsuitable for the large polar compounds
because adsorption degrades the size separation process.

The non-

polar, high molecular weight organics are very insoluble and can be
resolved by size exclusion chromatography -in liquid-liquid partitioning in the column mode, with a column packing coated with a stationary liquid organic phase, is also useful with some large, nonpolar organic chemicals.
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Fig. I-7. Resolution of organic compounds isolated from
water: Chromatographic Techniques.
Identification and Quantification
Once the organicsin water have been isolated and separated, they
must be identified and quantified.

Figure I-6 shows detecting de-

vices for observing the physical and chemical properties of organics.
Although the differences in the properties of many organics are quite
subtle, several devices allow their differentiation.

The best detec-

tors for both the volatile and semi-volatile organics are those used
in conjunction with gas chromatography.
The non-volatile, high molecular weight organics present a more
difficult problem with regard to identification and quantification.
Because the high molecular weight molecules are so large and often
contain several different organic moieties (groups) on various parts
of the molecule, the physical and chemical properties manifested
are a composite.

These properties can be observed with several
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different detectors:

ultraviolet-visible absorbance, fluorescence,

infrared absorbance, nuclear magnetic resonance, and photoconductivity.

Another approach developed recently is the use of biological

assay systems as a general parameter.

Application of organic iso-

lates to a muta.g enicity assay can identify and sometimes quantify a
possible carcinogenic potential.
Perhaps a better approach is to divide the high molecular
weight compounds into identifiable fractions that can be used to
determine the original structure of the compound.

t·1ethods for frac-

. tionating the large molecules include pyrolysis, chemical cleavage,
oxidation, and microreaction.

Once the high molecular weight com-

pounds have been reduced to smaller pieces, advanced gas chromatography detectors can be used in addition to the other detectors mentioned.
Specific Applications
Although the character of the entire organic content of drinking water is of interest, it is neither technologically nor economically feasible to perform such comprehensive analyses on every
potable water supply.

It is important to concentrate on parameters

that provide a large amount of significant information without requiring complicated analytical procedures that cannot be used on a
routine basis.

Three parameters that meet such criteria are total

organic carbon (TOC), total organic halogen (TOX), and total trihalome thanes ( TTH~1).
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Total Organic Carbon
Although TOC measurement has been used for several years, the
technology has been available only recently for routine analysis in
the microgram per liter range required for meaningful assessment of
drinking waters.

As the sensitivity of TOC analysis is refined fur-

ther, it is important to ensure that the techniques are able to
account for all forms of organic carbon present in water:

purge-

able organic carbon (POC), dissolved organic carbon (DOC), and adsorbed organic carbon (AOC).

TOC instrumentation must convert all

forms of organic carbon to a single measureable form while excluding
inorganic carbon (IC) from the measurement.
There are only two practical species (forms) for this purpose:
methane and carbon dioxide.

tv1ethane is formed by reducing carbon

dioxide catalytically in the presence of hydrogen, requiring an
additional step in the analytical process.

Methanation has the dis-

tinct advantage of permitting flame ionization detection, which is
very sensitive and linear over a wide concentration range.

Carbon

dioxide is detected by nondispersive infrared spectrometry, v1hich
does not give a linear response over the range of TOC concentrations
found in water.

Nonlinearity of the detector signal requires plot-

ting a calibration curve for quantifying samples.

Although current

sophisticated laboratory data systems eliminate the need for calibration curves, a range of standards has to be run routinely to
maintain proper quantification when this method is employed.
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A wide variety of techniques exist for converting organic matter to carbon dioxide; the two basic methods are pyrolysis and wet
chemical oxidation.

Pyrolysis, which gives the best quantitative

conversion, is accomplished at 80°C in the presence of o or chem2
ical oxides such as Mn0 2 or CuO. Unfortunately, this process can
accommodate only small quantities of sample (microliters) and therefore lacks the sensitivity required for potable water analysis.

It

is ideal for wastewater or industrial waste samples, or for waters
with TOC greater than 10 mg/1.

Wet chemical techniques use acid-

persulfate and either heat or ultraviolet (UV) catalysis to complete
oxidation.

Greater sensitivity is achieved with this process by

using sample volumes as large as 10 ml, however, it is a less vigorous oxidation than pyrolysis, and refractory organic matter may not
be quantitatively recovered.
Two mechanisms exist for sample handling in the wet chemical
technique.

One is a flow system in which the sample is purged of

inorganic carbon dioxide (from carbonate) and then flows through
a quartz coil in the presence of UV to a sparger, where the product
carbon dioxide from organic carbon decomposition is transferred to
the detection system.

This method is inadequate for water contain-

ing particulates which absorb on glassware, particularly the fritted
glasses used in such instruments.

Perforated discs have recently

replaced fritted glass to mitigate this effect.
In the other wet chemical sample-handling technique, the sample
is sealed in glass ampules so that all forms of organic carbon are
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included in the analysis.

After heating to catalyze the oxidation,

the ampules are opened and the carbon dioxide purged into the detector.

The ampule technique works well over a broad concentration

range.
One of the greatest difficulties in measuring TOC is removing
inorganic carbon without excluding volatile organic carbon.
practical methods circumvent this problem:

Two

scrubbing out IC in ini-

tial purge gas, and trapping VOC on an adsorbant resin column and
then backflushing it into the detector.
purging VOC and IC from the sample.

The first method involves

The purge gas passes through

a lithium hydroxide column into the detector.

The second method,

which is used in the pyrolytic oxidation technique, involves vaporizing the entire sample.

The water vapor containing VOC and IC

passes through an adsorbent organic resin, which traps the VOC while
the water vapor and IC are vented.

The column is then backflushed

at a higher temperature and the VOC carried into the detector.
There is no single instrument that adequately measures all of
the forms of organic carbon.

The ampule technique adequately mea-

sures AOC and DOC but lacks capability for VOC, and instruments
utilizing lithium hydroxide co 2 scrubbers cannot quantitatively recover AOC. Instruments using a resin trap for VOC followed by pyrolytic oxidation of DOC and AOC lack the sensitivity required for
TOC levels in potable water.
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Total Organic Halogen
Total organic halogen (TOX) conprises the total content of organically bound halogens (X= Cl, Br, or I) in water.

This water

quality parameter is significant because it accounts not only for
the volatile halogenated organics , such as the trihalomethanes, but
also for higher molecular weight compounds containing halogen, which
are likely to be potential health hazards.
Total Trihalomethanes - Basic Techniques
The most popular THM analytical techniques are headspace analysis, liquid-liquid extraction, adsorption-elution, and direct aqueous injection.

Each of these techniques involves different phase
!'

equilibria before
vantages.

chro~atographic

analysis and has merits and disad-

Headspace analysis involves a partitioning between the

THM concentration in a water sample and the concentration in the gaseous phase above the water.

In a static system, in which a quantity

of .the headspace over water sample is removed and injected directly
into gas chromatography, only a liquid-gas equilibrium is involved.
Other static headspace techniques involve the concentration of
volatile, relatively non-soluble organics on adsorbent traps, thereby creating an additional gas-solid equilibrium.

This is also the

case with dynamic headspace techniques in which trihalomethanes are
purged from the aqueous phase with a stream of i nert gas and subsequently trapped.
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Liquid-li quid extraction techniques involve equilibrium of
the trihalomethanes bet';'/een the polar v1ater phase and a non-polar
organics phase.

In the adsorption -e 1uti on method for THr·1 ana 1ys is,

the water sample is passed through an adsorbent resin, followed by
elution of

TH ~1·s

by an organic solvent.

Thus, this procedure in-

cludes both liquid-solid and solid-liquid equilibria.

Direct aqueous

injection techniques are unquestionably the simplest, involving no
concentration or extraction before chromatographic analysis.
Controlling Organics
In 1974-75, the EPA sponsored an 80-city National Organics Reconnaissance Survey (NORS) to determine the presence of THM•s, carbon t etrach l oride and 1,2-dichloroethane in water supplies.

The

study found wides pread TH M contamination in finished waters and
showed that
tion.

TH ~1 ·s

were formed in treatment plants during chlorina-

Subsequently, the EPA conducted the National Organics Monitor-

; ng Survey t o determine the frequency of s peci fi c contaminants in
drinking water supplies and to provide data for possible organic compounds in drinking \AJater.

Included in the

NO~,~S

v1ere 113 community

vvater supplies representing different sources and treatment processes.
They were monitored three times (phases) during a twelve-month period.
Compounds selected for the NOMS study included chloroform, 1,2dichloroethane, carbon tetrachloride, bromodichloromethane, tri- .
chloroethylene, dibromochloromethane, bromoform, benzene, vinyl
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chloride, bis (2-chloroethyl) ether,

p~dichlorobenzene,

1,2,4-tri-

chlorobenzene, 2,4-dichlorophenol, pentachlorophenol, polychlorinated
biphenyls, fluoranthene, 1,12-benzoperylene, 3,4-benzopyrene, and
indeno (1,2,3-ed) pyrene.

The compounds were chosen on the basis

of possible occurrence, available toxicological data, and the existence of analytical methodology for their identification and quantification.
The NOMS data (Table I-2) show that the trihalomethanes (chloroform, bromodichloromethane, dibromochloromethane, bromoform, and
dichloroiodomethane) are by far the most widespread synthetic organic contaminants in drinking water and they also occur at the highest
concentrations.
tected).

(Levels as

high as 784 mg/1

TH~1

potential were de-

They are produced by reaction of chlorine with naturally

occurring precursors, probably humus, but algae and other chemicals
may also be precursors.
chlorination.

Often, 2,4-dichlorophenol was found after

Considerable amounts of THM can form in the water af-

ter it has entered the distribution system.

Brominated THM's some-

times far exceeded the chloroform concentrations.

Season, tempera-

ture, disinfectant residual, and many other factors contributed to
the variation in THM levels found.

Other data indicate that THM's

are part of the halogenated compounds produced during chlorination.
Chemical oxygen demand (COD) and non-purgeable total organic
carbon (NPTOC) correlated reasonably well
tial.

(See Table I-3).

with THM formation poten-
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0.004
NF - 0.280
0.004
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SOURCE: Cotruvo, Joseph A. and Wu Chieh. 11 Controlling Organics . 11
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NOTE:

Chloroform
~1e di an
Mean
Range
Bromoform
~1edi an
Mean
Range
Dibromochloromethane
Me dian
Mea n
Range
Bromodichloromethane
t~edi an
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Total Trihalomethane
~~edi an
t1ean
Range

Trihalome th ane

! RIHALOMETHANES RESU LTS FROM NATIONAL ORGANIC MONITORING SURVEY

TABLE I-2

N

en

<0.6-4** 1.9
3.5

--

7.5
11

--

13
14

--

<3-5**

5.9
11

22
45

--

2.1
3.1

<0.3** <0.3-0.6**
<0.3** <0.3-0.6**

18
14

17++

13
13

9.6

28
19

9.2
17

21o++

68
59

16
18

27++

22++

38
73

68
84

47++

*

SOURCE: Cotruvo, Joseph A. and Wu Chieh. 11 Controlling Organics.''
J. American Water Works Association 70 (Nov. 1978): 592.

Samples were preserved with sodium thiosulfate at time of sampling, shipped at ambient temperature, stored at 20-25°C for 3-6 weeks.
+ Samples were shipped at ambient air temperature, stored at 20-25oc for 3-6 weeks prior to
analyses.
** Minimum quantifiable limits.
++ Samples were shipped iced (4°C), stored at 20-250C for 3-6 weeks prior to analyses.
Not quantified.
- - - ------ - - -- - - - - -- - -

Chloroform
102/111++ 18/18
98/106
Quenched*
Termi na 1+
112/113 101/105
Bromodichloromethane
88/111++ 18/18 100/106
Quenched
Termi na 1
109/113 103/105
Bromoform
Quenched
3/111++
19/106
6/118
Terminal
30/105
38/113
Dibromochloromethane
Quenched
47/111++ 15/18
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97/105 97/105
Dichloroiodomethane
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85/111 50/105

Compound
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per Number of Analyses
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Pnase ----;;;-On-1v, mal 1
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Phase
Phase
Phase 1 Phase 2 Phase .:1
2
3
1
2
3

SUMt·1ARY OF FINDINGS: NATIONAL ORGANICS t~ONI TORI NG SURVEY
March 1976 through January 1977
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N
~
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Risks of Organic Material on Public Health
In 1976, the National Cancer Institute released the results of
a study demonstrating that chloroform causes cancer in rats and mice
under laboratory conditions.

Chloroform is the most pervasive

organic contaminant identified in national surveys.

The effect

on humans from drinking water containing low levels of chloroform
over a long period of time in unknown, although sufficient information has been accumulated to establish that a risk does exist.
EPA s reasoning concerning assessment of health effects and
1

risks follows principles accepted by health and scientific agencies
here and abroad.

According to Dr. Arthur C. Upton, Director of the

National Cancer Institute:
1.

Chemicals which have been shown to cause cancers
in animal studies are commonly found in drinking
water in small amounts.

2.

Some known human carcinogens have been found in
drinking \va ter.

3.

Exposure to even very small amounts of carcinogenic chemicals poses some risk and repeated exposute amplifies the risk.

After studying the health basis for the proposed regulation,
the National Cancer Institute supported the judgement that organic
chemicals in question

11

present a potential risk of cancer that

should be reduced to the extent feasible".
The Regulation of THt1's and Synthetic Organic Chemicals
The administration of EPA has concluded that it is technically
and economically feasible to reduce levels of organic contaminants
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in drinking water and that the regulation of THM's and synthetic
organic

che~icals

should begin nov!.

Synthetic organic chemical

contaminants in drinking water are derived from tvJo principal
sources:
1.

Organic chemical contaminants in the water source
from direct or indirect discharges, and

2.

Agricultural sources (pesticides) and runoff.

Accordingly, the two-part regulation to control organic chem~cals

in drinking water, which was proposed and published in the

Feder a1 Register on February 9, 1978, addresses the
separately.

t~1o

prob 1ems

Trihalomethanes are to be controlled by establishing

a maximum contaminant level (MCL) of 100 micrograms/liter, and
synthetic organic chemicals of industrial origin are to be

con~

trolled by a required treatment technique -specifically, granular
activated carbon (GAC) or its equivalent.
The proposed THt'1 regulation applies to systems serving 75,000
or more persons that use a disinfectant in water treatment.

It

will take effect eighteen months after date of promulgation.

Sys-

tems serving 10,000 to 75,000 persons will be required to monitor
for THM's for one year only, starting six months after promulgation.
Compliance with the THM limit of 100

~g/1

can be achieved by

any reasonable and safe means available to the water system;
changing disinfection point, changing disinfectants, rrodifying
treatment processes, or using GAC to minimize precursor material.
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However, the regulation

includes some limits on alternate disin-

fectants and calls for increased use of standard plate count to
ensure good disinfection.
Although emphasis is placed on controlling contamination of
water at its source, treatment technologies are available for controlling organic chemicals in drinking water.

Coagulation and

filtration, oxidative processes, resins, aeration, powdered carbon,
and ti me (storage) all have some effect in reducing levels of organic chemicals.

Granular activated carbon, however, is the best

broad spectrum control technology known at this time.

It has been

used extensively in food and beverage processing, industrial waste
control , advanced processing and advanced wastewater treatment
plants.

It has also been used for almost twenty years in Europe

for drinkin g water treatment and in the United States for test
taste and odor control.

Thus, GAC forms the basis for the proposed

treatment regulation although specific configurations and conditions needs to be investigated in pilot studies tailored to the
needs of a specffic application site.
Congress, through passage of the Safe Drinking Water Act, has
expressed concern about contamination of drinking water by pollution-related and other synthetic organic chemicals and has given
the EPA administrator the responsibility for protecting the public
from risks to the extent feasible.

The Court of Appeals has re-

stated the congressional mandate.

Health risks have been demon-

strated to a credible degree and supported by public health agencies.
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Thus, it is clear that regulatory control action is in order.
Over the years EPA has directed an interim research and development
program identifying and quantifying organic chemical contaminants
determining their sources, evaluating their hazards, and developing technologies for their control.

EPA has taken a comprehensive

first step to deal with the problem.

During the seven-month com-

ment period, the water treatment industry and the public furnished
to the agency additional information on technologies, costs, and
regulatory approaches; the information is being used to develop
a final regulation that is practical, reasonable, and effective.
Organic Compounds in Water Supplies
Natural waters, even when unpolluted, may contain a great number of different organic materials.

The extensive review of Vallen-

tyne described thousands of compounds of widely diverse types that
have been found in natural waters, but, even so, only a small fraction of the total organic material present in a given natural water has been fully characterized.

Most researchers have restricted

themselves to detecting or determining the compounds belonging to
a particular class of compounds.
The total organic matter dissolved or colloidally dispersed
in typical unpolluted natural waters is determined by general methods for total organic carbon or COD seems to fall in the range
from one to a few tens of milligrams per liter.

Since analyses by

carbon adsorption methods generally indicate only a few tenths of
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milligrams per liter, it is apparent that these methods do not
recover fully the organic materials in natural waters, although
they may be very effective for certain obnoxious classes of compounds.
The major, almost the sole, source of organic matter in unpolluted water supplies in plant material, either synthetic units,
metabolic intermediates, end products or decomposition residues
of the biochemical activities of members of the plant kingdom ranging from bacteria and algae to forest trees.

This unified source

does not, however, place much restriction on the number or variety
of individual chemical components that may be encountered.

Not

only the major structural and storage compounds with their antecedent or breakdown products need be considered, but also the wide
range of individual scents, flavors and other distinctive materials
that characterize separate forms ·of plant life.
Among just the broad classes of chemical compounds that have
been found to be present are:

carbohydrates, proteins, lipids,

nucleic acids, terpenoids, carotenoids, chlorophylls, vitamins,
carboxylic acids, esters, amino acids, phenolic compounds, steroids
and humic substances.

In the following sections these and other

classes of compounds are surveyed with regard to their presence
and concentration in water supplies, but this can be done in only
a general way because of lack of sufficient information.
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Humic Substances
One of the most significant classes of compounds contributing
organic matter to water is the humic material which causes the
yellow to brown stain of surface

wate~s.

The humic substances

arise principally by extraction of the soluble fraction of wood
tissues, by dissolution or dispersion of decomposition products of
decaying wood or leaves and by leaching of soluble components from
soil organic matter.

For the most part, the material seems to
have a molecular weight in the 10 4-10 5 range and to fall into the
group of compounds designated as ful vic acids.

Different vvaters,

as might be expected, exhibit different patterns of size distribution of molecular weights, according to gel chromatographic studies.
Chemically, the humic material has been classified as aromatic polyhydroxymethoxy carboxylic acid.
Operators of water treatment plants have observed repeatedly
that the chlorine demands of their upland surface supplies directly
correlate closely with the color of the supply indicating that a
large portion of the chlorine demand results from chemical reactions.

However, there has been little investigation of the nature

or the products of this interaction of hypochlorite with humic
substances.

The known elements of structure give many possibili-

ties for reaction, some of which should yield the haloforms found
by Rook.
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Carboxylic Acids
Salts or esters of carboxylic acids comprise one of the major
groups of small molecular weight organic compounds found in natural
waters.

Concentrations in the range of a milliequivalent per li-

ter have been found corresponding to several milligrams per liter
depending on the equivalent weight.

Included in the total carboxy-

lic acid group are simple aliphatic monocarboxylic acids, hydroxyacids and dicarboxylic acids associated with the Kreb•s cycle and
aromatic carboxylic acids such as benzoic and salicylic acids.
The simple aliphatic monocarboxylic acids, except for formic
acids, would not be expected to react with hypochlorite.

Formic

and H2o. The hydroxylated acids,
mono-, di- and tri-carboxylic acids, are also subject to oxidation
acid might be oxidized to

co 2

by hypochlorite, yielding keto acids and possibly chlorine substitution products depending on the structure.

and H2o are also to be expected in some
The concentrations of the hydroxylated acids should,

ultime oxidation to
instances.

Decarboxylation and

co 2

however, be quite low, a few ppb, in most situations because they
are such active substances as biochemical metabolites.
The aromatic carboxylic acids will react with hypochlorite
in the aromatic ring much as phenolic compounds do and should be
otherwise non-reactive.
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Phenolic Compounds
Phenolic compounds occur in unpolluted water supplies as a
result of the breakdown of lignins, tannins and other humic substances.

Decomposing oak and beech 1eaves are fe 1t to be strong

sources for aquatic phenolic materials.

In addition to phenol it-

self, various cresols, dihydric phenols, hydroxybenzoic acids,
guaincol and other similar substances may be present.

One study

of river water reported 37 different phenols, but many of these
were of industrial rather than plant origin.
Reactions of hypochlorous acid with phenols have been described in detail earlier.

The usual first reaction is a ring

chlorination until all the ortho and para positions are occupied.
Then the ring is split and full oxidation, eventually to

co 2

and

H20, occurs. Although no worker has as yet noted any remaining
chlorine substituted products, it seems possible that some of the
C-Cl linkages might be retained when the phenol ring is broken to
end up as some sort of chlorinated derivative.
Other aromatic derivatives - hydroxyaldehydes, hydroxy benzoic acids and

si~ilar

compounds - should react similarly.

same sorts of reactions should be

ob ~ ained

The

with naphthols and

other fused ring systems; also activated heterocyclic rings should
behave similarly.
Terpenoids, Isoprenoids, Steroids,
Cartenoids, Xanthophils
Many organic compounds found in plants are derived from the
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carbon skeleton of isoprene.

Among these are the terpenes and

related alicyclid ring compounds, sterols and other steroidal
materials, cartenoids,

so~e

vitamins, xanthophils and numerous

other coloring and flavoring materials.

Most of these, predominant-

ly hydrocarbon-like materials, often with double bonds or ring
structures, exist in simple molecular

~arm

within the plant cell

or structure and are excreted into water when the plant dies or is
damaged.
Little is known of the occurrence of these materials in natural waters or of their reactions with aqueous hypochlorous acid.
However, the unsaturation and ring structures that are often present plus the frequent key substitution of hydroxyl or other
groups suggest that chlorination reactions with compounds in this
class of materials may be quite significant and produce chlorinated
derivatives of considerable importance .

The structure of isoprene

itself, CH 2 = C(CH 3 ) - CH = CH 2 , for example, is such that it seems
likely that chloroform or other chlorinated compounds might be
produced during its oxidation.
Other Classes of Compounds
There are many other types of compounds either known to occur
or likely to be found in natural waters.

Among these are mercap-

tans and other sulfur-containing compounds, phosphate esters,
alkaloids, toxins and antibiotic substances.

In general, the types

of reactions previously described will hold for reactions of the
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hydrocarbon portions of these molecules and with oxidation or
hydrolytic reactions occurring with the non-carbonaceous groups.
Usually, also, these components will be such a small portion
of the total organic matter, that their reactions will not make
a major contribution to any chlorinated organic compounds that
may form.
Treatment Techniques for the Removal of Organic
Contaminants from Drinking Water
(Occurrence of Pesticides in Water Supplies)
The National Interim Primary Drinking Water Regulations established maximum contaminant levels (McL•s) for six organic compounds:

endrin, lindane, methoxychlor and toxaphene (v.Jhich are

chlorinated hydrocarbons) and b.vo chlorophenoxys, 2,4-D and 2,4,5TP (Silvex).

These six specific organic contaminants can be

grouped under the genera 1 term "pes ti ci des •• and this section summarizes pertinent results from investigators who have examined pesticide removal (i.e., reduction in concentration) by various water
treatment techniques.
Because of the vast and diversified use of these six pesticides in the United States, there is certainly a potential or opportunity for contaminating water supplies with these materials.
These organic pesticides are not naturally occurring.

They may,

for example, enter a drinking water from direct application for
control of nuisance vegetation, fish, and aquatic insects; from
non-point sources such as runoff from agricultural, urban, and
~
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suburban areas;

from accidental spills, or, of course, from direct

wastewater discharge from a point source.
Endrin

Cl
Cl
0

Cl
vCl

1,2,3,4,10,10-Hexachloro-6,7-epoxy-1,4,4a,5,6,7,8,8aoctanydro-1,4-endo, endo-5,8-dimethane-naphthalene
~~CL:

0.002 mg/1

Molecular Weight:

381

Threshold Odor Concentration:
Odor Type:

0.009-0.018 mg/1

musty and chlorinous

Other Names:

Mendrin, Experimental insecticide 269, Nendrin

. Endrin, a chlorinated hydrocarbon, is a potent organic insecticide introduced in the United States in 1951.
US patent in 1959.
endrin.

It received a ·

Currently there are several registered uses of

This pesticide is used primarily on field crops because

it is non-systemic and persistent.
The U.S. · EPA (1976) investigated a situation \A/here endrin,
applied in sugar cane farming, contaminated a drinking water source.
The incident showed that conventional treatment (coagulation, sedimentation and sand filtration) was ineffective in reducing the
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contaminant.

Similar reports containing field data on treatment

plant removal of endrin are scarce because contamination is random
and monitoring is not continuous.

In the Community Water Supply

Study, performed in 1969, 80 of the 160 samples collected nationwide for pesticide analysis showed detectable but non-quantifiable
traces of endrin.

These samples, however, were all collected on

finished water and the treatment processes could not be evaluated
for pes ti ci de remova 1.
Most of the information on reducing various concentrations
of endrin has been gathered through laboratory studies and pilotscale water treatment plant experiments.

The formost work on this

topic was conducted in the early and mid-1960's by Robeck, Dostal,
Cohen, and Kreiss (1976 ). This work wi 11 be referred to frequently
throughout this organics section because tvvo of the six pesticides
studied in detail (endrin and lindane) now have established MCL's.
Table I-4

sum~arizes

the expected removals of endrin by chlorine

oxidation, conventional treatment, and conventional treatment supplemented with powdered activated carbon (PAC) or granular activated carbon (GAC).
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TABLE I-4
ENDRIN REMOVAL AT 0.010 mg/1 LOAD

Endri n Remova 1
Percent

Unit Process

<10

Chlorination, 5 mg/1
Coagulation and Filtration
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Powdered Activated Carbon
5 mg/1
10 mg/1
20 mg/1

85

92
94
99

Granular Activated Carbon
Lindane

Cl

Cl

Cl

Cl

Cl

Cl

Gamma (y) isomer of 1,2,3,4,5,6-hexa-chlorocyclohexane
MCL:

0.004 mg/1

Molecular Weight:

291

Threshold Odor Concentration:
Odor Type:
Other Names:

0.33-12 mg/1

Chlorinous medicinal
Gammaexane, Gammopaz, Gexane, Kwell, Lindex,
Lindust, Lintox, among many others
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Lindane, a chlorinated hydrocarbon, is the most toxic isomer
of benzene hexachloride.

It was discovered in 1942 and is widely

used as an insecticide to control cotton insects and grasshoppers.
Nicholson, et. al.

(197~

conducted a study on a watershed in the

southeastern United States, where lindane and other pesticides
were used on cotton fields.

Varying concentrations of lindane

were detected throughout the study in both the river and the effluent from a water treatment plant using the river as a source
of drinking water.

The water treatment processes consisting of

coagulation, sedimentation, filtration and chlorination were ineffective in reducing the insecticide levels.
With field data lacking, removal of lindane has been the target for several laboratory and pilot plant experiments.

Buescher,

et. al .(1972) took distilled, deionized and carbon-filtered water,
spiked it with several mg/1 lindane and subjected it to chlorine
(40 mg/1), hydrogen peroxide (40 mg/1), sodium peroxide (40 mg/1),
potassium permanganate (40 mg/1), ozone and aeration.

It is highly

unlikely (barring a lindane spill) that the concentration of this
pesticide would ever be found in the milligram per liter range in
a drinking water source; however, it is of interest that only ozone
(in concentrations far in excess of disinfection doses) had any
appreciable effect on reducing the lindane concentration.

Robeck,

et. al.(1976), on the other hand, used much lower pesticide concentrations (10-20 ~g/1), yet conventional treatment was ineffective,
and 5 mg/1 chlorine and up to 40 mg/1 potassium permanganate did

42

not oxidize or destroy this insecticide.
20

~g/1

Ozone, however, reduced

lindane by 55 percent when applied at 38 mg/1 in a 14 min-

ute contact chamber.

Ozone doses over a few mg/1 are uncommon in

water treatment and Moergeli U97~ reported that ozonation sufficient for disinfecting water from Lake Constance, Switzerland, had
no effect on lindane concentrations of 40-110

~g/1.

Robeck, et. al. U97E) included both PAC and GAC in their pilot
plant studies; the effects when adsorption supplemented conventional treatment are shown in Table I-5.

Hansen (1963) reported

in 1976 that trace amounts of lindane were reduced below the detectable limit (0.003 mg/1) after passage through GAC beds that
had been in service for 14 months.

The process of reverse osmosis

for lindane removal has been examined by several investigators.
Using a cellulose acetate membrane, Smola(1963)reported low rejection in lindane where the initial concentration was 0.5 mg/1 and
an 84 percent reduction when the concentration was 0.05 mg/1.

The

pressure differential, however, applied to the feed solution was
100 atmospheres (1,470 psi).

Unless the untreated water is very

low in turbidity, some pretreatment for particulate removal is
necessary before reverse osmosis can be effective.
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TABLE I-5
LINDANE REMOVAL BY ACTIVATED CARBON

Unit Process

Lindane Remova 1
Percent

Powdered Activated Carbon
5 mg/1
10 mg/1
20 mg/1

30
55
80

Granular Activated Carbon
0.5 gal/r.lin/ft3

>99

Toxaphene

Chlori nated Camphene, 67-69 percent chlorine, where
average n = 8
t~ CL:

0. 005 mg/1

Molecular Weight:

412

Threshold Odor Concentration:
Odor Type:
Other Names:

0.005-0.14 mg/1

musty to moldy
Alltox, Estonox , Chem-Phene, Geni-Phene,
qy-Phene, Phenacide, Phenatox, Toxadust

Toxaphene, a chlorinated hyctrocarbon, was introduced in the
United States in 1948,
are common.

patented in 1951, and its registered uses

A major use is in cotton farming to combat such
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insects as boll weevils, bollworms, aphid and leafv1orm.

Contami-

nation of a public drinking water supply by agricultural runoff
was reported by Nicholson, et. al. (1975), who found that conventional water treatment practice (coagulation, settling, filtration and chlorination) was ineffective in reducing Toxaphene

con~

centrations that were variable, but never found to exceed 0.41
mg/1.

Cohen, et. al. U969) experienced similar discouraging removal

results in the early 196o•s in laboratory studies using much larger concentrations of this insecticide and dosing up to 100 mg/l
alum for coagulation.

Moreover, neither chlorine nor chlorine

dioxide had any effect on removing Toxaphene.
tivated carbon was more encouraging.

Adsorption with ac-

An initial concentration of

0.1 mg/l Toxaphene was reduced to 0.007 mg/l by 5 mg/l PAC, so the
authors concluded that •!no common treatment other than that with
activated carbon vJi ll remove Toxaphene''.
Cl
2,4:--0

Cl

- CH 2 - COOH

2,4-dichlorophenoxyacetic acid
MCL:

0.10 mg/l

Molecular Weight:

221

Threshold Odor Concentration:

3.13 mg/1
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Odor Type:

Chlorophenol to musty

2,4-0 is a systemic herbicide discovered in 1944.
tented in the United States in 1949.

It was pa-

Registered products are in

2,4-0 was one of the first organic compounds used for weed

use.

control, and it remains popular for that use.

Aly and Faust (1970)

made an excellent contribution to the literature by evaluating the
common water treatment processes of coagulation, oxidation and
adsorption for the removal of 2,4-0 derivatives.

Five materials

(the sodium salt of 2,4-0, 2,4-0ichlorophenol, and isopropyl,
butyl and isooctyl esters) were selected.

It was found that at

a 1.0 mg/1 load none of these compounds was significantly removed
by either aluminum or ferric sulfate (100 mg/l
tory coagulation and settling studies.

dose) in labora-

Further, chlorination up

to 100 mg/1 and the addition of potassium permanganate up to 10
mg/1 were ineffective in 2,4-D removal.

Powdered activated car-

bon. was effective, and doses required to reduce various levels of
the 2,4-D derivatives to MCL are shown in Table I-6.

Whitehouse

~

__(J973) conducted laboratory studies to determine the effect of pH
and types of PAC in removing 2,4-D from solution; however, the
concentrations of adsorbants and adsorbates (100 mg/1 level) are
thought to be too a typi ca 1 in water treatment to \'Jarrant further
details on the results.

Reverse osmosis needs additional study

before it can be suggested as an effective technique for removing
2,4-D from drinking water.

Lonsdale, et. al. (1970) reported a
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92.8 percent rejection of 2,4-D from 1 percent NaCl solution having
an initial herbicide concentration of 35 mg/1.

Edwards and Schu-

bert (1967) found that 2,4-D rejections from a 50 mg/1 solution
never exceeded 65 percent initially, and near the end of each run
rejection efficiencies ranged from 1 to 51 percent.

These studies

used small reverse osmosis cells at pressures ranging from 80 to
1~500

psi.

In addition to pretreatment considerations with

re~

verse osmosis, the reject water constitutes a separate disposal
problem that must be included in the overall evaluation and cost
estimation of the method.
TABLE I -6
CARBON DOSES REQUIRED TO REDUCE THE CONCENTRATION OF
2,4-D COMPOUNDS TO MAXIMUM CONTAMINANT LIMIT (MCL)
In1t1al
Concentration*
(mg/ 1)

10

Powdered Activated Carbon Dose, mg/l
Butyl
Isocytl
Sodium Isopropyl
Ester
Salt
Ester
Ester
179
165
306
150

5

153

74

82

89

3

92

44

49

53

1

31

14

15

16

* Expressed as the acid equivalent.
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2,4,5-TP (Silvex)

Cl

CH - COOH

Cl

'

CH 2
2,4,5-Trichlorophenoxypropionic acid
MCL:

0.01 mg/1

Molecular Weight:

269

Threshold Odor Concentration:
Odor Type:

0.78 mg/1

Idodform

Other Names:

Kuron, Kurosol, AquaVex, 0-X-D

Silvex is a postemergent herbicide used for controlling brush,
aquatic vegetation, woody plants and certain weeds not susceptible to 2,4-D.

It was introduced in the United States in 1952.

Currently there are several registered uses of this herbicide.
Treatment data for the removal of this compound from drinking water were not available in 1977.

Robeck, et. al. (B76) examined the

butoxy ethanol ester of 2,4,5-T; if it is assumed (until more
definitive information becomes available) that the two compounds
would behave similarly in dilute aqueous solution.
be useful as a summary of expected removals.

Table I-7 may
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TP.BLE I-7
2,4,5-T ESTER RE MOVAL AT 0.01 mg/1 LOAD

2 , 4 , 5 - T Es te r

Unit Process

R.emova l Percent
<10

Chlorination, 5 mg/1
Coagulation and filtration

65

Powdered Activated Carbon
5 mg/1
10 mg/l
20 mg/1

80
80
95

Granular Activated Carbon

>99

Methoxychlor

1,1,1-Trichloro-2,2-bis (P-methoxy) ethane
MCL : 0. 1 mg/ l
Molecular Weight:

346

Threshold Odor Concentration:
Odor Type:
Other names:

4.7 mg/1

musty to chlorinous
Dt~DT,

Di methoxy -DT, Dian i syl tri ch l oroethane, ~~arl ate

Methoxychlor is a chlorinated insecticide used to control
external parasites on animals.

Treatment information was not
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available on this insecticide in 1977.

It is very likely, however,

that adsorption with GAC would remove this contaminant effectively
from drinking water.
Summary of Treatment Techniques
The organic compounds for which MCL's have been established
are the pesticides endrin, lindane, Toxaphene, 2,4-D, 2,4,5-TP,
and methoxychlor.

There is a varying amount of information on the

removal of the first four materials from drinking water, but the
author was unable to locate pertinent studies reference on the
removal of 2,4,5-TP and methoxychlor.

Data gaps in Table I-8 em-

phasize the need for additional research on a number of aspects
of the removal of organics from dri·nking water in spite of limited
specific information.

It is apparent that adsorption is more ef-

fective th an conventional treatment or oxidation for pesticide
removal.

The effectiveness of adsorption is influenced by the

temperature and pH of the water, but to a greater degree adsorption
depends on:
1.

Concentration of adsorbant and adsorbate

2.

Contact or residence time

3.

Competition for available adsorption sites
Formation of Haloqenated Organics by
Chlorination o~ Water Supplies

There are four principal ways in which chlorinated organic
compounds may occur in water supplies:

from non-point sources,
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from industrial discharges, from chlorination of sewage or

indus~

trial wastewater and by the chlorination of oroanic matter in the
....J

water supply.

Different problems are posed with each of these

sources and different solutions may

be required in each instance.

Accordingly, it is important that the categories be kept distinct
when consideration is given to the generality or seriousness of the
overall situation and when measures are being developed to deal
with them.
Water Chlorination
That the chlorination of water supplies produces chlorinated
deri va ti ves or organic compounds is not a new discovery.

From

almost the first years of the practice of water chlorination, the
formation of 'chlorophenolS
1

11

with their accompanying tastes and

odors has been a nagging problem for operators of water treatment
plants.
The main concern in this and other reports, however, was the
tastes and odors produced in the formation of these ch 1ori na ted
compounds.

Provided tastes and odors were1 controlled there was
1

little systemic concern about other physiological effects of
chlorinated compounds in the distributed waters.
Along with the recent development of awareness of physiological hazards associated with many chlorinated compounds such as
DDT, dieldrin, polychlorinated biphenyls and vinyl chloride, there
has come to be a general opprobrium attached to any chlorinated
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organic compound.

Accordingly, the reports of the production of

halogenated methanes in the chlorination even of unpolluted water
su pplies have had a strong impact, partly because of the resulting
distribution of the halogenated methanes themselves and partly
because of the possibility that other more hazardous and as yet
undetected halogenated compounds are also being produced.

Prospec-

tive hazards from either of these sources call into question the
whole process of water chlorination by which the freedom of our
drinking water from microbial contamination is assured.
Aqueous Chlorination Reactions
The central and most significant fact about aqueous chlorination in the range of concentrations employed in water treatment is
that elemen t al chlorine, Cl 2 , is not involved. When chlorine is
dispersed in water at pH greater than five in concentrations up
to 100 mg/1 or about 10- 3 molar, the c1 2 is hydrolyzed essentially
instantaneously and completely (better than 94-99%) to HOCl and
OCl

in accordance vJi th the equations:
Cl

2

+ HC0 3 -

+

HOCl + Cl

+ C0 2

HOCl t H+ + OCl-

( 1)

(2)

so, it is necessary to consider the reactions of hypochlorite rain describing the potential interaction
2
of dilute aqueous chlorine with organic compounds.
ther than those of c1

There are four principal types of reactions of hypochlorite
with organic matter in dilute aqueous solution that need to be
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considered.

These are:

1.

Addition to olefinic bonds as illustrated by the type
reaction:
H
HI
H
HI
I
I
R1-C=C-R2 + HOCl + R1-q-q-R2
(3)
OH Cl

2.

Activated ionic substitution as illustrated by the
type reactions:
C6H50H + HOCl

+

c6H4 ClOH

+

CH 2 Cl-C-CH 3 + H20

~

+ H0
2

(4)

~

CH 3 C-CH 3 + HOCl

(5)

In each of these instances, formation of the chlorinated derivative is preceded by an ionization and formation of carbanion to
which the positive chlorine of HOCl becomes attached.
3.

Oxidation, with reduction of the hypochlorite chlorine
as illustrated by the aldehydic oxidation:
R-CHO + HOCl

4.

+

RCOOH + H+ + Cl-

(6)

Substitution of chlorine for hydrogen on an nitrogen
atom as shown by the typical reaction:
R -~-R

1

H

2 + HOCl

+

R -~~R

1

Cl

2 + H20

(7)

Any of these reactions may be succeeded by additional reactions
of the same type or of the other types; there may also be, following elimination, hydrolysis or migration reactions, depending on
the structure or reactivity of the initial products.
One type of reaction that is not to be expected is simple aliphatic substitution as illustrated by the equation:
(8)
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This type of reaction is nearly alv!ays a radical chain reaction,
requiring light, much thermal energy or an initiator, a proceeding best in non-ionizing environments.
The first three types of reaction convert the chlorine to
chloride ion or to a covalently bound state in which the chlorine
no longer acts as an oxidizing agent toward iodide or other readily oxidized materials.

These reactions, therefore, represent the

exertion of Chlorine demand
11

1
!,

the conversion of active or avail-

able chlorine to a non-oxidizing form.

Chlorine demand always

accompanies the formation of C-chlorinated organic compounds;
the chlorine demands of water supplies thus reflect in some measure the potential for formation of chlorinated compounds during
disinfection .
The yi e 1d of ch 1ori na ted compounds Y.Ji 11 vary of course with
nature of the organic material.

Jolley (1973), for example, found

that in the chlorination of sewage effluent only about 1% of the
applied chlorine ended up as chlorinated product.
The Haloform Reaction
An aqueous chlorination reaction of particular interest in
connection with the treatment of water supplies is the haloform
reaction, which occurs generally in alkaline aqueous solution with
organic compounds containing the acetyl group:
CH -C3

II

0
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or with structures such as
acetyl group.

CH CHOH~

3

that may be oxidized to the

The three hydrogens of the methyl group are succes-

sively replaced by chlorine or other halogens and then the carbon
bond to the carbonyl group is split giving rise to a haloform
and a carboxylic acid.

The overall reactions may be written:

CH 3COR + 3HOC1
CC1 3COR + H20

+ 3H 20

+

CC1 3COR

+

CHC1 3 + RCOOH

(9)

(10)

The accepted mechanism for the reaction is an initial dissociation of H+ to yield a carbanion which then adds positive halogen.

Subsequent dissociation and addition of positive halogen con-

tinue at the same carbon until it is fully halogenated.

Then,

nucleophilic base attack displaces the CC1 3- group, which combines
with H+ to give chloroform. The complete sequence of mechanistic
reactions is:
RCOCH3

+

ORC=CH 2 + H+

,

(11)

0-

RC=CH 2 + HOCl

RCOCH 2Cl + OH

+

0-

(12)

0I

1

RC=CHCl + HOCl

RCOCH

2

+

+

RCCHC1 2 + OH-

01
RC=CC1 2 + H+

(13)

(14)

01

RC= CCl

2

+ HOCl

+

RCOCC1 3 + OH

(15)
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RCOC l 3 + OH

-+

CC1 3 - + H+

RCOOH + CCl 3

(16)

CHCl 3

(17)

-+

The lowest step in this sequence of reactions is equation #11,
so that once the beginning reaction is initiated, the ultimate formation of chloroform is reached at the same rate as that at which
the first reaction occurs.

It, therefore, makes no difference what

the halogenating agent is in reactions #12, #13, #15; the reaction
proceeds at the same overall rate as the initial rate-determining
step, reaction #11.

This has been observed experimentally.

It may be noted, however, that when mixed halogenating agents,
say HOCl and HOBr, are present, then the relative amounts of
RCOCH 2Cl and RCOCH 2Br obtained will be in proportion to the relative rates of reactions 12a and 12b:
0-

RC=CH 2 + HOCl

ORC=CH2 + HOBr

-+

RCOCH 2Cl + OH

(12a)

-+

RCOCH 2Br + OH

(12b)

even though the overall rate is governed by reaction #11.

Similar

considerations apply to the later stages of the reaction sequence,
for reactions #13 and #15, though faster than reaction #11, are
slow compared with their succeeding reactions in each case.
Ethanol, accetaldehyde, methyl ketones and secondary alcohols
with the general formula CH 3CHOHR are among the compounds or
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classes of compounds that give the haloform reaction.

Also, un-

saturated compounds with a structure CH 3CH=CR R , after addition
1 2
of HOCl to give CH 3CHOHCR 1R2Cl, oxidation will give a methyl ketone.

Possible sources of haloforms are thus very extensive.
The Study of J.J. Rook
In July, 1974, J.J. Rook reported the results of investigations

on the drinking water supply for Rotterdam, Netherlands, in which
he found that chloroform and other trihalogenated methanes were
formed as

a result of superchlorination of the water.

Concentra-

tions of total halogenated methanes ranged from somewhat more than
10 mg/1 to about 100 mg/1 under differing conditions.
Additional experiments with unpolluted upland water and with
extract of peat gave strong evidence that it was the natural coloring materials in the water that gave rise to the haloforms.

Some

idea of the yield can be obtained from the fact that the peaty extract which contained 5 to 8 mo/1 of total organic or about 5 x 10-4
atoms per liter, gave rise to 2.0 mmol/1 of mixed haloforms, a yield
of 0.4%.
It is important to note, also, some negative aspects of Rook's
work of hydrocarbons other than methane were found, implying that
the formation of chlorinated derivatives is restricted to the haloform reaction, or at least that this is the major reaction path for
the formation of chlorinated organic compounds in water.
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The only stable chlorinated compounds known to be produced by
chlorination, apart from the odorous chlorophenols that are destroyed
by free residual chlorination, are the halogenated methanes.
Moreover, although chlorination of the water was found to
produce haloforms, it was also destroying detectable concentrations
of organic pollutant, possibly toxic in nature.

Rook made the com-

ment, "comparison of headspace fingerprints of water before and
after breakpoint chlorination indicated that the volatile micropollutants had previously been stated to include freons, chlorinated
solvents, lower alkanes and substituted benzenes and toluenes.
Rook al so pointed out that the haloforms were significantly
absorbed by activated carbon and also were removed by volatilization
during flow in open channels and by cascade aeration.
Some model reactions that Rook has studied include the production of haloforms from alcohol and acetone.

He has found that for-

mation of chloroform from these substances at water pH values and
mi r1 i gram per 1iter concentrations is ·far too s 1ovJ for these substances to be the source of the haloforms in water chlorination.

II,

LABORATORY METHODS AND PROCEDURES
Ultrafiltration

Ultrafiltration of the samples was accomplished using a Millipore Pellicon Cassette system and Pellicon Ultrafiltration membranes.
Figure II-1 shows the arrangement of the Millipore equipment.

In

simplest terms, the cell can be regarded as a black box which separates the feed stream, or sample, into two product streams:

the

retentate which is a concentrated solution of those macromolecules
that were held back by the filter, and the filtrate, which contains
those smaller molecules that have passed through the filter.

Look-

ing at Figu re II-2, samples feed into the upper right port and the
macromolecules emerge concentrated (as

ret~ntate)

at the lower left.

Filtrate flows out of the cell from the lower right port {as shown).
The upper left port is used for backwashing the filters.
A look inside the black box reveals that the separation is performed by membrane packets which consist of two Pellicon membranes
bonded together, with a support screen betvJeen them.

This sandwich

is designed so that the sample flows over the outside of the packet.
Large molecules remain outside, while smaller molecules which can
pass through the membrane end up inside the packet (Figure II-3).
Because of the edges being treated with a sealant, no fluid can flow
from outside to inside (or vice versa) except by passing through the
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Fig. 11-1. Mode of operation of Millipore Ultrafiltration System for
filtration of Lake Washington water samples.
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Fig. II-2. Schematic representation
of a molecular separation as performed by
the high volume cell.

Fig. II-3. A cutaway view of a membrane
packet (black areas represent the sealant).
As sample fluid flows over the outside of the
packet, membrane-permeating species enter the
packet to form filtrate.
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membrane.

(Retentate can be passed through the eight unsealed holes

as shown in Figure II-4 for reasons which are explained below).

In

order to take advantage of this separation, the cell is designed to
transport fluid from the outside of the packet to one exit port,
while fluid from the inside of the packet flows to another port.
The two streams do not mix.

How does this happen?

Fig. II-4. A cutaway exploded view,
showing the relationship between the four
manifolds and the inside and outside of a
membrane packet. For simplicity, mesh
spacers are not shown.
As shown in Figure II-3, each of the cell's four ports connect
to a manifold made up of short tubes.

Two of these manifolds (up-

per right and lower left) contain five tubes, while the other two
contain four tubes.
gered.

Furthermore, these two sets of tubes are stag-

A comparison of these tubes with the nine holes at each

end of the membrane packet reveals that the five-tube manifolds
connect to 5 holes.

When the membrane packet is clamped tightly

between the two manifold plates, the sealant areas (on the packets
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and on mesh spaces, which are discussed below) act on gaskets to
control the fluid flow.

As a result of this gasket arrangement,

the five holes and five-tube manifolds communicate only with the
outside of the packet, and these manifolds carry the sample-retentate stream.

Similarly, the four holes and four-tube manifolds

commjnicate only

\~ith

the inside of the packet and carry the fil-

trate stream.
The Nom i na 1 Mo1e c u1a r Ue i ght Li mi t ( nmw 1 ) i s a gui de to s epa ration performance.

Globular molecules or particles of molecular

weight equal to or greater than the nmwl are retained upstream of
the membrane nearly quantitatively.

Molecules of molecular weight

less than or equal to 10% of the nmwl are passed through nearly
quantitati vely.

t~olecules \~ith

molecular weights between these two

values are partially retained, the degree of retention increasing
with molecular weight.

The apparent wide range in size of partially

retained molecular dimension and molecular weight.

Thus, the ten-

fold difference in molecular weight required for nearly quantitative separation represents a two-fold difference in molecular diameter.
After being filtered through the 0.45nm filter, each sample
was processed through five different sizes of ultrafiltration membrane.

3

4

4

The five different sizes used were 10 , 10 , 2.5 x 10 , 10

and 10 6 nmwl.

The ultrafiltration process, i.e., raw sample, \Jas

filtered each time.

Between filtration of samples, filters were

rinsed with one percent acetic acid and distilled water.

Before

5
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filtration of samples, filters were rinsed with six to 12 liters
(until they reached zero or constant TOC measurement that is caused
by materials inside the filters) distilled water, volumes end the
continuation due to the filters has been taken into consideration
for the measurements of color, acid strength, TOC and TTHM for
each sample.

Volume of the samples, retentate, and filtrate were

then prepared for color, acid strength, TOC, and TTHM determinations.
Jar Tests
Jar tests were performed on a Phipps and Byrd Jar Test machine as shown in Figure II-5.
to six one-liter beakers.

Chemicals were dosed simultaneously

Rapid mixing took place at full scale

(145 rpm) for three minutes.

Slow mix took place at 35 rpm for

20 minutes.

The pH was adjusted by Ca(OH) 2 and HCl through both
the slow mix and the rapid mix cycles to maintain a constant pH

during the coagulation reaction.

Floc vJas allowed to settle for

30 minutes before samples were taken for analysis.

Table II-1

shows the optimum pH and optimum coagulants that were used for the
jar tests.
Procedures
Color Measurement
All color measurements were determined according to NCASI Technical Bulletin 253.

This procedure requires all samples for color

measurement to be filtered through a Millipore filter.

The pH of
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TABLE II-1
SUMMARY OF OPTIMUM DOSAGE AND pH
FOR ALL COAGULANTS USED IN TTHM STUDY
OF A LAKE WASHINGTON WATER
.

Coagulant

Optimum Dose

Optimum pH

Al 2(so 4 ) 3 · 18 H20

260 mg/1 as
Al 2 (so 4) 3 · 18 H20
30 mg/1 as Fe+3

5.5

320 mg/ 1 as t1gS0 4 ·
7 H20

11.5

Fe 2(SO/t ) 3 · xH 20
-.
t~aso
4 · 7 H20

5.0

SOURCE: Hatcher, Edward L.
Treatment Process Variations
to Reduce TTHM Residuals in a Finished Hater. 11 University of
Central Florida, 1979.
11

the sample was then regulated to 7.6 before the amount of absorbance to a wavelength of 465 millimicrons was recorded.

The sam-

ple color was then calculated by locating the sample absorbance on
a standard curve relating color to absorbance.
A standard curve was prepared by diluting 500 Pt-Co to 250,
100, 50 and 25 Pt-Co and recording percent transmission.
dard curve was prepared and is shown in Table

A stan-

II-2 ~

Before filtering each sample through Millipore filters and
distilled \"later, the color contamination that resulted from the
filter was measured and subtracted from the color of each sample.
Acid -Base Strength
Solutions of 0.02N H so and NaOH were used for determining
2 4
the acid-base strength of the samples. The volume of the samples
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TJ\BLE I I -2
DP.TA FOR DETERJ1INftTIO.J OF
STAdDARD Pt-Co COLOR

Color

Absorbance

%T

0

0

100.0

25

0.015

96.5

50

0.025

94.5

100

0.05

88.5

250

0.1

79.0

500

0.2

63.5

titrated varied from 25 ml to 30 ml.

One minute was allowed for

pH stabili zation each time the titrant was added to the sample.
1000
Acid Strength = ml acid x N x m1 sample = meq

Base Strength

= ml base x N x ml !~~~le = meq

Acid strengths were measured from pH = 3.25 to pH = 11.
Total Organic Measurements
Total carbon measurements \AJere determined on a Beckman t1odel
915 Total Carbon Analyzer in conjunction with a Beckman Model 865

Nondispersive Infrared Analyzer.
used for analysis.

A thirty-microliter sample was

The readout was registered on a scale of 0 to

100 and was compared to a standard curve.

The carbon standards
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were prepared from potassium biphthalate for organic carbon, and
sodium carbonate or sodium bicarbonate for inorganic carbon.
TOC = TC - IC
TOC = Total Organic Carbon
TC = Total Carbon
IC = Inorganic Carbon
Chlorination and Dechlorination
The following procedures were used for chlorination and dechlorination:

TTHM

1.

CaCOC1 2 was used for chlorination of the samples

2.

Treated samples were prepared for chlorination by
adjusting all samples to pH= 8.3 during chlorination
reaction.

3.

50 mg/1 of Cl was added to raw water and 25 mg/1
to coagula ted water.

4.

Free chlorine was measured after 48 hours. The
DPD Technique was used for free chlorine residual
as described in Standard Methods 409E-3a, page
331; the free chlorine residual for raw water was
10 mg/1 and for treated water was 12.5 mg/1.

5.

The dechlorination compound is 0.02N sodium thiosulfate (Na 2s2o3 · 5 H20).

t~easurement

TTHM measurements were determined on a HP 5750 Research Chromatograph.

Liquid-liquid extraction (LLE) techniques were used to

measure 48 hour TTHM for all samples.
fo 11 ows :

The procedures are as

-------------~--

--

--

-

--
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1.

One 1 ml vial of total trihalogenated methyl group
standards (TTHM) at level of 1000 ppm was available. Since the standard curve was linear up to
200 ppb. This concentrate was diluted to 50, 100,
and 200 ppb in methanol and then analyzed.

2.

Pipette 2.0 ml of methyl cyclohexane into a clean
extraction vial. Open the sample bottle, pipette
5.0 ml of sample into the extraction vial, seal
the vial and shake vigorously for a minute. Let
stand until the phases separate (approximately 30
seconqs).

3.

Analyze the sample by injecting 3.0 ~l of the
upper (organic) phase into the gas chromatograph.

4.

Dilute the unknovm in distilled water, if the concentration is more than 200 ppb ~ In this case,
we dilute the samples 1 to 10 in distilled water.

5.

Extract and analyze standard sample under conditions identical to the sample analysis.

6.

Analyze each sample and sample blank from the
sample set on the same day.

7.

Run di s t i 11 e d water through each f i l te r and me asure TTHM that is caused by filter contamination.

Calculations:
1.

Compare the peak heights and retention times of
the unknowns to those of the standard curves.

2.

Calculate the total trihalomethane concentration (TTHM) by summing the 4 individual trihalomethane concentrations in mg/1.
TTHM (mg/1) =(cone. CHC1 3) +(cone. CHBrCl 2 )
(cone. CHBr 2Cl) +(cone. CHBr 3)

III.

RESULTS AND DISCUSSION
Introduction

This section presents the results and discussion of the results
obtained from a laboratory investigation of the color, total organic
carbon (TOC), acid strength and total trihalomethane (TTHM) precursors present in raw and coagulated Lake Washington water.

Lake

Washington is the potable water source for Melbourne, Florida and
is the potable water supply for a population of approximately
100,000.

In order to simplify the reading and calculation of this report, two· standard forms of tables were utili zed to present the
data.

These forms are shown in Table III-1 and Table JII-2.

The

distribution of all parameters measured is presented in a form shown
in Table III-1.

This is a listing of the test parameters remaining

after molecular filtration and the relative percentages of each
molecular fraction in relation to the total initially present.
This information is always presented in a column headed by the
parameter and % Remaining.
agulat~ on

Since the raw water was treated by co-

and analyzed, a third column headed by % Distribution is

included for the treated samples.

This column contains the distri-

bution percentage of any parameter in relation to that remaining
after treatment.
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- 0
2.5 X 10 4 - 0
3
10 - 0

10

0.4511 - 0 .
10 6 ~ 0

Molecular Size Blank
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Color % Color % Rrnng % Dist Color % Rmng % Di st Color % Rmng % Dis t

Raw

PARAMETER DISTRIBUTION BY ~-10LECULAR SIZE FILTRATION FOR
RAW OR Mg, Al or Fe COAGULATED LAKE WASHINGTON WATER

TABLE III-1
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5
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The second table utilized _presents the distribution by molecular size filtration range differential for all parameters and samples.

Successive membrane filtration was not used for sample pre-

paration to minimize membrane contamination of samples.

Each sam-

ple was filtered only once through a molecular filter (membrane) so
that data collection is for the ranges presented in Table III-1,
some molecular size (nmwl) to zero.

In order to calculate nmwl

size differential from one membrane to another, the values presented
in Table III-1 had to be deducted from one another in proper order.
This data is presented in Tables like Table III-2 for all parameters.
The columns under the raw column in Table III-2 contain the test
parameter concentration ·in each nmwl

r~nge

investigated and the

distribution percentage of the parameter for these ranges.
columns are shown as (A) and

(~)

These

under raw.

The data for the treated samples is presented in four columns,
(A), (B), (C), (D), for each coagulant.

Column (A), titled color

residual, is the color remaining after the coagulated sample has
been filtered for nmwl ranges.

It is calculated by deducting the

appropriate concentration present in each filtered sample from the
concentration immediately preceding it.

Column (B) contains the

percentage remaining of each nmwl range in relation to the total
initially present.

The sum of column (B) will represent the change

due to coagulation.

Column (C) represents the differential percen-

tage removed from each nmwl range after coagulation.

The base for
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this calculation is the amount present in the raw sample in the
nmwl range shown in Column (A) under the Raw samples.

Column (D)

contains the percentage of each nmwl range remaining after treatment based on the total remaining after treatment and will sum to
100%.
Sample Collection and Preparation
Samples were collected from

~he

South Melbourne potable water

treatment plant intake on four separate occasions.

These samples

were taken in September 1978, December 1978, March 1978 and June
1978.

The samples were transferred by six 6-gal. plastic containers

from Lake Washington to the Environmental Engineering Laboratory at
the University of Central Florida.

Treated samples were prepared ·

for filtration through molecular membranes by coagulation in jars.
Both raw and coagulated waters were filtered through a 0.45 micron
filter, transferred to three 2-liter volumetric flasks and were
then preserved in refrigeration at 4°C for later analysis.

Approx-

imately 1-4 weeks after collection these samples were analyzed for
color, acid strength, total organic carbon and total trihalomethane concentrations by molecular size range.

Table III-3 shows

the operational parameters of the millipore ultrafiltration system.
Two filter arrangements were used for individual filter sizes.
The physically largest filters were available in packet form, that
is, ten individual filters were stacked one atop the other.

The

advantage of such an arrangement is the overall surface area is
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TABLE III-3
OPERATIONAL PARA~1ETERS OF MILLIPORE FILTRATION
UTILIZED FOR AQUEOUS SAMPLE ~10LECULAR SEPARATION

SYSTE~~

ti ana 1
Filter Sample Vol . Fraction Yield Filtration Time Opera
Pressure
Size
v
t
p
VF/VT
(nmwl)
(m1)
(min)
(psi)
6
10
55%
500
3.5
12-15
58%
3.0
12-15
500
10 5
~

25K
10 4

500

42%

4.0

14-18

500

54%

6.0

12-15

10 3

500

50%

36.0

14-18

increased.

The second type of filter used was individual filters

consisting of only one filter.

These filters were much thinner,
5
6
had less surface area and lower flux rates. Only the 10 and 10
nmwl filters were packet styles, all others were individual filters.
The operational pressure for each filter ranged from 12-18 psi and
the percentage of original sample converted to filtered sample was
approximately 50%. A slight increase in the time to prepare one
liter of filtered sample is observed in Table III-1 as the nmwl of
3
the filter is increased. This is most obvious for the 10 nmwl
filters which required 36.0 minutes to prepare one liter of filtered samples.
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A blank was prepared by filtering distilled water through each
membrane.

These blanks were analyzed for color, acid strength, TOC

and TTHM concentrations and these blank values were deducted from
the appropriate sample fractions in order to compensate as much as
possible for any sample contamination by the membrane.
Color Distributions by Molecular Size
The distribution of color by molecular size range for each
filter is presented in Table III-1.

Since successive filtrations

of samples were not done, the representative molecular size of each
sample is bounded on the upper range by the filter size and decrease
to zero.

Of all coagulants tested, Mg had the greatest amount of

color remaining, 17%,
Fe, only 6%.

after coagulation, followed by Al, 10%, and

The color associated with each molecular size range

was determined by subtracting a distilled water blank that had been
passed through the appropriate filter from the color remaining after the raw or coagulated sample had been passed through the filter.
This was done in order to compensate for any added color by the filter to the sample.

The percentage of the original color remaining

and the distribution percent of the color remaining is also shown
in Table III-4.
to occur

The largest concentration of color removed appears
4

in molecular sizes above 2.5 x 10 .

. no t
However, 1't 1s

clear from the data presented in Table III-1 where the majority
of color is distributed

~Y

molecular size.
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The calculations and data presented in Table III-5 show the
color distribution in each molecular size differential for raw or
Mg, Al or Fe coagulated Lake Washington waters.
of four categories:
molecular size range.

This data consists

(1) the color present in each differential
This was calculated by deducting the amount

of color present in each molecular size range from the amount of
color present in the molecular size range preceding it,
or the total % removed from each differential size range.

(2) the %
This

represents the percentage of the color removed from the initial size
range based on the total that was present initially before coagulation, ()) the differential percent removed is the percentage that
was removed from that molecular size

ra~ge

based on the amount that

was present in that molecular size range initially as in (1), (4)
the distribution percent is the distribution of the total color remaining after coagulation on a percentage basis.
The larger

molecula~

weight ranges (MWR's) contain the greatest

proportion of the raw color. Approximately 83% is located in a MWR
above 2.5 x 10 4 with the largest concentration, 50%, existing in
the range of 10 5-2.5 x 10 4 nmwl. Additionally, the molecular size
range of 10 6-10 5 nmwl contains 28% of the original color. It is
interesting that almost all of the initial color is present in
molecular sizes above 10 3 nmwl which roughly corresponds to a spherical diameter of 10- 9 in the lower unit of the colloidal size range.
This indicates that the vast majority of Lake Washington's color is

TOTALS

10 5 - 2.5 X 10 4
2.5 X 10 4 - 10 3
3
10 - 0
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COLOR DISTRIBUTION BY MOLECULAR SIZE FILTRATION RANGE DIFFERENTIAL
FOR RAW OR Mg, Al or Fe COAGULATED LAKE WASHINGTON WATER

TABLE III- 5

-.......J
1.0

so
in the colloidal size range.

Certainly the data indicates that a

majority of colloidal and some molecular color producing compounds
are present.
The three coagulants, Mg, Al and Fe, all removed the greatest
amount and largest expective percentages from M.W. above 2.5 x 10 4 .
Comparison of column (C) for each coagulant listed in Table III-5
reveals that the removals in each differential range was approximately equal to the overall color removal by that coagulant.

The

mur that was the least af fected by coagulation was the smallest,
10 3-o nmwl for any coagulant.
There was no consistent relationship among nmwl differentials
and color removal even above 10 3 . For example, Mg had the best nmwl
range removal, 93%, from 10 6 -0 5 , but that range was not the best
In fact, the only common ranking of % differential nmwl removal occurred from 10 3-o and that was always the
for either Al or Fe.

mwl that experienced the least color removal.

The data would indi-

cate that there is little difference in the percent of color removed from any nmwl above 10 3 and that the removal from molecular
sizes above 10 3 account for approximately 95% of all color removal.
The nmwl range below 10 3 , on the other hand, accounts for about
33% of the color remaining after coagulation.

There was only one

case in which complete color removal occurred at any nmwl tested,
Fe at 0.45~-10 6 nmwl.

Because complete removal usually did not

occur in any range, the molecular weight color loading on processes
succeeding coagulation will be represented by all nmwl but will
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have slightly more nmwl below 10 3 than above, however, those nmwl
above 10 3 are significant and cannot be neglected.
TOC Distribution by Molecular Size
The average TOC distribution by nmwl for raw or Mg, Al or Fe
Lake

Washi~gton

water is presented in Table III-6.

The initial value

of TOC in the raw water is 31.2 mg/1 which is high for a potable water source. All of the TOC is distributed above 10 3 nmwl in the
raw sample with significant breaks occurring after all nmwl ranges
except 10 5 nmwl . The TOC distribution for the coagulated samples
does not appear the same for all coagulants.
ces exist between Mg and Al or Fe.

Significant differen-

The Mg coagulated samples have

increases in TOC concentration in the nmwl ranges bounded by 2.5 x
10 4 or 10 3 , whereas neither the Fe orAl coagulated samples have
this problem.

This indicates that either the filter contaminated

the sample or there was another source of positive error in the Mg
coagulated samples .

However, the greatest among overall TOC remo-

val, 71% occurred in the Fe coagulated samples followed by Al, 66%,
and Mg, 39% samples.
A greater insight into the TOC distribution by nmwl range is
shown in Table III-5 which presents the TOC distribution by molecular size filtration range differential for raw or Mg, Al or Fe
coagulated Lake Washington water.

The various columns, denoted (A),

(B), (C) and (D) in Table III-7,correspond to the same type of analysis used earlier =in Table 3, except that TOC is used in lieu of
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co
w

84

color in the appropriate nmwl differential range .

The columns in-

dicate mass, percentage of original mass, percentage of differential
mass and percentage distribution of mass remaining after coagulation,
respectively.

More than half, 51%, of the TOC in the raw water is
5
located in the 10 - 2.5 x 10 4 nmwl size range, the remaining half
is almost equally divided between the 0.45~-10 6 and 2.5 x 10 4 range.

For all practical purposes, no TOC was found in the raw water with
nmwl sizes below 10 3 or in the 10 6-10 5 range.
The TOC removed by coagulation was
.

from the 10

5

- 2.5 x 10

4

re~oved

most significantly :

nmw1 range but not completely.

The nega-

tive values for the Mg coagulated water indicate the sources of
error which were seen to be most significant in the 10 6-10 5, 10 5 4
2.5 x 10 and 10 3-0 nmwl ranges, where 6.3, 2.3 and 1.6 mg/1 TOC
were added in excess of the TOC in those ranges in the raw water.
However, the most significant TOC removal by mass, total percentage
or differential nwml range percentage occurred in the 10 5 2.5 x
10 4 nmwl range for Mg, Al or Fe coagulated samples.

The Fe and the

Al samples experienced no significant TOC contamination during filtration .

The differential nmwl range TOC results indicate that

complete removal of TOC did not occur in any range and that the TOC
distribution remaining after coagulatibn, was distributed somewhat
equally among the nmwl ranges that contained TOC originally.
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Acid Strength Distribution by Molecular Size
The overall acid strength distributions for each nmwl filtered
sample is presented in Table III-8.

As previously indicated, a

blank was titrated to determine acid strength contributions by the
lack of the filters.

Surprisingly, none of the filters were found

to have no measureable acid strength contribution from the membranes
or

co 2

diffusion into samples after filtration.

This may have been

due to the strength of the titrate, 0 . 02 N, which is, perhaps, -too
great to detect such an effect.

Nevertheless, it was found to be

insignificant.
The overall raw water acid strength was 5.1 mg/1.
to two factors:

This is due

(1) the natural, carbonate alkalinity of the water

and (2) the leached organics or humic materials that dissolve into
the water as it passes over the highly organic peat underlying the
lake and Upper St. John's drainage basin.

An estimate of the

car~

bonate alkalinity can be made by assuming the only source would be
-3 5
the co 2 in the atmosphere at 10 · atoms.
It is obvious from the acid strength data on the raw water th~
the greatest proportion of the acid strength lies below the smallest
nmwl size, 10 3 , almost 70%. There are no striking changes for all
the nmwl distributions presented in Table III-8.

The acid strength

of the raw water is decreased approximately 10% as the nmwl size
decreased by approximately one order of magnitude or by ten. This
4
trend does not continue, however, at the 2.5 x 10 nmwl sample where
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the acid strength is only reduced by 3% to the next nmwl size, 10 3 .
The treated samples show a variation with degree of acid strength
removal among different coagulants.

Fe followed by Al and Mg was

observed to remove the greatest amount of acid strength, 34%, 27%,
and 0%, respectively,

whereas, the relative amounts of acid strength

removal by Fe orAl is relatively close, 2.8 vs. 2.4 meq/1, the lack
of acid strength reduction by Mg is significant.
The acid strength by molecular size filtration range differential data for the raw or coagulated samples presented in Table III9 give a better insight into the variation of acid strength removal
bv 'nmwl range.

The largest concentration of acid strength in the
raw water is clearly located below 10 3 nmwl size, 70%. The remainder of the acid strength in the raw water is almost evenly spread
around the three largest nmwl differential ranges, with the exception that the 2. 5 x 10 4 - 10 3 range has about half the amount distributed among the first three ranges as noted earlier.
The same column terminology in col.umns (A), (B), (C) and (D)
is used for each Df the coagulated samples.

The Mg data is signi-

ficantly different from either the Fe orAl data.

There is an in-

crease in the 0.45~-10 6 nmwl range for Mg of 0.6 meq/1 which creates
a negative percent removal in columns (B) and (C).

This did not

occur in either the Fe or Al samples experienced a reduction of
50% or 0.2 meq/l of the original acid strength in that range.

The

only nmwl differential range that experienced a common effect by
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6
all coagulants was 10 -10 5 which only had 8% of the initial acid
strength in the raw water.

These reductions varied from 0.3-0.2

meq/l and only amount to 4% of the acid strength removed by coagulation and is probably insignificant.

Strikingly obvious is that the
majority of the acid strength is located below 10 3 nmwl for all samples.

The data for the Al and Fe samples show common trends in all

nmwl ranges.

The acid strength for the two coagulants is reduced in
5
every range but 10 to 2. 5 x 10 4 nmwl which experienced an 50-75%
increase . Approximately 60% of the acid strength removal that occurred, 1.2 or 1.5 meq/1, to place in the smallest range for either
coagulant although that range held the largest remaining acid
strength .
In summary, the acid strength data indicated that Al or Fe
coagulation will reduce the initial acid strength with the greatest
reduction coming from the smallest nmwl.

The remaining variations

in acid strength by nmwl range are almost insignificant because of
positive and negative variations by nmwl range after coagulation.
The smallest nmwl range, 10 3 , held the largest amount of acid
strength before and after coagulation with Al or Fe having good
capability for reducing acid
have no effect.

strengt~

whereas Mg was indicated to
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Total Trihalomethane Precursors Distribution
by Molecular Size
The total trihalomethanes, TTHM's, precursors remaining after
molecular filtration are presented corresponding to nmwl size in
Table III-10.

The total trihalomethane,

the raw Lake Washington water are 521
61 % or 324

~g/1

~ g/1,

precursors present in
Fe coagulation removed

~g/l.

of the TTHM precursors initially present.

followed closely by Al, 58% o4 300
45% or 225

T~M,

~g/1

Fe was

and more distantly by Mg,

for the TTHM precursor removal by coagulation.

The

major amount of TTHM precursors were located in nmwl sizes above
2.5 x 104 in the raw samples. The greatest amount of TTHM precursor removal occurs in nmwl sizes above 2.5 x 10 4 which . is indicated
by the shifting % distribution of the remaining TTHM after coagulation.

For example, whereas 76 % of the TTHM precursors are located
above 2.5 x 10 4 nmwl in the raw water, the equivalent percentages
are 59, 47 and 26% for the Mg, Al and Fe coagulated samples, respectively.
The TTHM present in each nmwl differential range for raw or
coagulated samples is presented in Table III-11. This data indicates that the 10 5 - 2.5 x 10 4 nmwl range contains the majority of
the TTHM precursors in the raw water samples.

Over 65% of the TTHM

There are fewer precursors,
5
11%, distributed in the larger nmwl distributions above 10 - 2.5 x

precursors are located in this range.

10 4 than are distributed, 24%, below the 10

5

4

- 2.5 x 10 range.

The nmwl range containing the second largest percentage of TTHM
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precursors is the 10 3-o nmwl range or the smallest range.

The pre-

cursor distribution in the raw water is then slightly shifted to
the smaller nmwl differential ranges as compared to a normal distribution of TTHM precursors in nmwl ranges .
The Mg coagulated samples experienced TTHM increases in three
of the five nmwl ranges tested, the two largest and the smallest.
It is probable that all the Mg samples were contaminated by each
filtration .

The two nmwl ranges which did not indicate a positive

increase in TTHM after

~1g

t reatment typi ca 11 y

of precursor removal after filtration.

sho~Jed

a sma 11 er amourt

It is possible that the

contamination was in all ranges and was not large enough to overcome the decreases brought about by coagulation in the two nmwl
mid-ranges t hat indicated a· decrease in TTHM precursors.
Both the Fe and Al coagulated samples had 90% or more TTHM
precursor removal from the 10 5 - 2.5 x 10 4 nmwl range.
~g/1

Over 300

of precursor or 60+% of the initial precursors were removed

by Fe or Al coagulation from the nmwl range. There is some precursor removal from the 2.5 x 10 4 nmwl range by all coagulants.
Removal by Fe in this range was 54% compared to Al 's 94 % which
amounts · to an additional precursor removal of 22

~g/1

by Al.

The

data indicates that Fe was better than Al for precursor removal
in nmwl ranges above 2.5 x 10 4 , whereas Al was slightly better
than Fe in nmwl ranges below 2.5 x 10 4 . All samples treated by any
coagulant showed more TTHM precursors present in the smallest nmwl

94

range after treatment.
36 to 47

~g/1

~g/1,

This increase averaged 42

ranged from

and is significant.

Before coagulation, the greatest
precursor concentration is in the 10 5 - 2.5 x 10 4 nmwl nange, but

after coagulation, the greatest precursor concentration is below 10 3
nmwl.

The filter and/or the coagulation treatment may positively

increase the precursor distribution at this lower nmwl range .
Relationships Among TOC, Color, Acid
Strength, TTHM•s and nmwl
The purpose of this section is to interrelate as much as possible all the parameters measured in this research.
end, Figures III-1 through III-4 were prepared.

To facilitate this
The figures display

this percent of TOC, color, acid strength and TTHM remaining as a
function of molecular size for each water that was tested.

Four

separate classes of water were tested and are raw, Mg coagulated,
Al coagulated and Fe coagulated water.
The majority of the TTHM, TOC and color were located in the
nmwl range between 10 5 and 2.5 x 10 4 .

Exactly, this meant that 65%

of the TTHM (300 ppb), 50% of TOC (15.6 mg/1) and 50% of the color
4
5
in the raw water were located in the 10 - 2.5 x 10 nmwl size range.
Because the membrane system fractionates samples based on nominal
molecular weight, which is based on an equivalent spherical protein
molecule with that approximate or nominal molecular weight.
6

5

4

The

3

.

approximate pore sizes of the 10 , 10 , 2.5 x 10 and 10 nmwl fllo
ters are 150, 50, 30 and 10 A, respectively. Since the lower limit

°

of the colloidal range is 10 -10 m or 10 A, all TTHM•s, color, TOC
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Fig. III-1. TTHM, TOC, Color and Acid Strength percentage
distribution for Fe coagulated lake Washington water by nominal
molecular weight size.

96

I H I T I A L TT H M I

s2 1 ~9 !I

%TTHM

REMAINING

N I T I A l T0 C • 31.2

m !II

I

%TOC
REMAINING

so

2

0 /tOO ~:::::::=-

_____......_______.___~1

INITIAL COLOR•l20

%COLOR
REMAINING

so

INITIAL ACID STR.•S.lmeqtl

%ACID

STRENGTH

so

REMAINING
l BASED ON PARA/1\ETERS
BEFORE COAGULATION

0.45 AMU

10 6 AMU

lOs AMU

BASED ON PARA/1\ETERS
AFTER COAGULATIO).f
4

3

2.5X 10 AMU 10 AMU

NOMINAL MOLECULAR WEIGHT SIZE
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and acids that remain in solution after filtration can be classified
as molecular not colloidal in nature. All other nmwl ranges such as
5
10 - 2.5 x 10 4 are colloidal in nature. As can be seen in Figure
III-1, there is a general decrease in TOC, color, TTHM's or acid
strength as nmwl decrease and the majority of the acid strength,
TOC, color or TTHM's in the raw water are in the colloidal range.
The most significant correlation in the ra·w samples is among
TOC, color and TTHM shown in the 10 5 - 2.5 x 10 4 nmwl range. In
fact, the decrease in TOC, TTHM and color in this range is displayed
as 3 parallel lines in Figure III-1.
is 15.9/5.9/1, or approximately 16

The ratio of TTHM/color/TOC

~g/1

TTHM's/6 Pt-Co color units/

10 mg/1 TOC in this nmwl range for the raw water.

The line describ-

ing the reduction in acid strength does not generally parallel the
TOC, color or TTHM lines in Figure III-1.

There is a slight acid
strength reduction of 0.5 meq/1 from 2.5 x 10 4 - 105 nmwl but this
trend is nearly linear throughout the nmwl ranges and does not vary
over the nmwl as do the other parameters.

Moreover, the total acid

strength due to the organic content is approximately 2.0 meq/1 based
on the inorganic carbon analysis and the surface water contant with

co 2 .

The percentage decreases in acid strength are linear over the
4
nmwl ra~ges greater than and in 10 5 - 2.5 x 10 which is not in

accord with the variation in TOC, color and TTHM's.

This would

suggest the decrease in acid strength is not related to the remaining
three parameters, TOC, TTHM and acid strength as they are to each
other.

Moreover, if the THM precursors are acidic, they are very
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weak acids whose pK exceeds 7 and are already in the unionized form
at the typical pH values found in Lake Washington.
The remaining area worth discussion in the analysis of the
raw water is the nmwl range below 10 3 and the TOC, color and TTHM
values found there. The TOC value below 10 3 for the raw water is
reported as 0 mg/l TOC .

This conflicts with the 8% color residual

shown in Figure III-1 as well as the 17% TTHM residual.

Since this

is the beginning of the molecular size range, this does indicate
that not only is some color present in the molecular range but some
TTHM precursor material as well .

The accuracy of the Beckman 921A

TOC Analyzer is reported to be 0.5 mg/1 TOC which may have drifted
to as much as 2.0 mg/l TOC with time.

However, this does indicate

that an unmeasureable amount of TOC, presumably, less than 0.5
mg/1 or 2% of initial TOC is responsible for almost 20% of the total
TTHM's.
The same type of Figure relating the test parameters to nmwl
range is presented in Figures III-2 through III-4 for the Mg, Al
and Fe coagulated samples.

Two lines are shown for each parameter.

The top line is based on the parameter value before coagulation and
the bottom line is based on the parameter line after coagulation.
This was done in order to relate percent removal by coagulation to
distribution percent after coagulation.
The optimum coagulation pH may have effected the degree of
TTHM precursor removal.

The optimum coagulation pH for Mg, Al and

Fe was 11.5, 5.5 and 5.0, respectively.

The order of increasing
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TTHM precursor removal by the coagulants was Mg, Al and Fe.

That is,

the lowest pH coagulant was the best for precursor removal.

If the

precursors are present as very weak acids which do not ionize until
pH 7 or 8, then any repulsion due to ionization would not be present
for Al or Fe coagulation but only for Mg.

Also, if there were some

moderately weak acids, such as carboxylic groups, these acids would
not be as ionized at pH 5 as pH 5.5.

The Mg treated samples did

have the greatest acid strength which supports this supposition
but Mg floc is positively charged which does not support it.
There were no nmwl ranges tested for any of the coagulated
samples that did not experience corresponding variations in TOC,
TTH M s, color and acid strength.
1

decrease as nmwl range decreased.

All of these parameters tended to
The test parameters that decreased

the least during treatment were TTHM precursor and acid strength.
However, much of the remaining acid strength as stated earlier
is very probably carbonate alkalinity undirectly from atmospheric

The superiority of Fe to remove more TTHM precursors than
either Al or Mg came about primarily from a greater efficiency at
the higher nmwl ranges above 10 5 . However, all coagulation is seen
to be more effective with TOC, TTHM, color or acid strength reduction in the colloidal range above 10 3 nmwl. The greatest proportion
3
of TTHM precursors remaining is below 10 nmwl for all coagulants.
This suggests that further precursor removal will require a process
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that is oriented to remove molecules not colloids such as activated
carbon adsorption.

This process may optimally be preceeded by col-

loidal removal in order not to clog pore space with colloids and
exclude small molecules.

Moreover, the data indicates ~ith TOC values for Al and Fe coagulated samples below 10 3 nmwl were 0, colorlow and TTHM concentrations were relatively high, and other operational control other than TOC or color are needed to monitor TTHM.
As stated in an earlier section, the majority of the TTHM precursor removal comes from the 10 5 - 2.5 x 10 4 nmwl range. The TTHM,

color, TOC removal ratios for the Mg, Al and Fe treated samples in
this nmwl range are 14.6/2.1/1, ·17.1/2.1/1 and 15.1/1.7/1, respectively, which indicates a relatively consistent removal ratio among
the coagulants and also indicates a potential relationship in Lake
Washington waters among TOC, color and TTHM precursors.

The consis-

tency of this ratio decreases somewhat over the complete nmwl range.
The TTHM/color/TOC ratios for the raw and Mg, Al or Fe coagulated
waters are 16.7/3.8/1, 16.3/9.3/1, 14.7/5.2/1 and 16.2/5.0/1, respectively.

These variations indicate that the most reliable rela4
5
tionships between TOC, TTHM and color are in the 10 - 2.5 x 10
3
range. Since TOC is reduced to zero at 10 nmwl and color is also
very low, no meaningful ratio involving TTHM's can be developed .
However, a ratio of the TOC available in each nmwl range to TTHM
produced indicates that the greatest yield of TTHM's comes from
below 10 3 nmwl.

The data shows there is zero mg/1 TOC with nmwl

sizes of 10 3 or less for the raw, Al or Fe treated samples.

Since
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each of these samples have about 100 mg/1 TTHM precursors, the
yield is infinite. The yield in the 2.5 x 10 4 to 10 5 nmwl ranges
from 14.6 to 17 .6 mg/1 TTHM/1 mg/1 TOC, about 1.5%, whereas if 0.5
mg/1 TOC were present and undetected below 10 3 nmwl, the yield would
be about 100 mg/1 TTHM/0.5 mg/1 TOC or 20%.
Finally, there are other ratios of each of the parameters
that could be calculated over each nmwl size range such as TTHM/TOC
or TTH M/color/acid strength and then discussed.

This was not done

because of the variability of the data in other nmwl ranges, but
could be done if more data is collected and some statistical validity cou1d be added.

IV.

CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The following conclusions were drawn from the research relating
TOC, TTHM precursors, acid strength and color to nmwl range of the
raw or treated samples.
1.

The TOC, TTHM, color and acid content of raw or
coagulated Lake Washington water generally decrease
as nmwl size decreases.

2.

The largest mass or concentration of TTHM precursors,
color and TOC is located in the 2.5 x 104 - 10~ nmwl
for raw Lake Washington water.

3.

Co a0u lation with Mg, Al or Fe removed most of the
TTHM precursors in the colloidal size range, 0.4511
to 10-311 (103 nmwl), but did not remove most of the
TTHM precursors from the molecular size range, less
than 10 nmwl. The majority of the TTHM precursors
remaining after coagulation are molecular.

4.

A relatively constant ratio for the TTHM/color/TOC
removed by Mg~ Al or Fe c$agulation was found in the
nmwl range 10 - 2.5 x 10 , the location of the majority of the TTHM precursors, color and TOC in the
raw Lake Washington water. This ratio was approximately 16/2/1 for all treated waters.

5.

For the Lake Washington waters, color or TOC removal
by coagulation or any colloidal removal process can
be used as process control parameter to optimize TTHM
precursor removal. These same parameters cannot be
used after coagulation to optimize TTHM precursor
removal. If a free chlorine residual is reauired, a
unit process that removes molecules must be 'utilized
if Lake Washington waters are to meet the 100 mg/1
TTHM standard in the finished water.
104
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Recommendations
This type of investigation should be repeated to allow for
seasonal variations in raw water quality at Lake Washington.

All

coagulated samples should be regulated to approximately pH 7.0 before molecular filtration to avoid membrane contamination at high
pH.

The carbonate alkalinity and

co 2 should

be purged from the sys-

tem before titrating to determine acid strength.

Research should be

initiated on a process that will remove molecular precursors from
the coagulated Lake Washington waters.
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